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Abstract 
Laser-assisted turning is a technology that combines turning and laser heating in order to manufacture hard and difficult to 
machine materials. The laser is used to heat up the part in the cutting zone directly in front of the cutting tool, thus the material 
strength is reduced and the cutting forces decreased. By means of the usage of a pyrometer, it is possible to measure the 
temperature at the surface of the part. However, the temperature field inside the part to be manufactured depends on e.g. cutting 
velocity, heat conductivity and absorptivity and cannot be measured by a pyrometer. 
The determination of the correct laser power and the distance between the laser spot and the cutting tool is necessary to ensure a 
suitable heating of the cutting zone and especially the temperatures reached at the different depths. With this objective, a thermal 
analysis of the process has been carried out a numerical model developed by the UPV/EHU. 
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1. Introduction 
In order to fulfil the market requirements and achieve the same performance with a lower weight (fuel saving, 
more space available, etc.), new and harder materials are required. The problem that involves the usage of these new 
materials is that they need to be manufactured, what in many cases results to be an almost out of reach task. 
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This is especially critical when ceramic materials are needed to be manufactured. Their brittle nature together 
with an extremely high hardness makes almost impossible the conventional turning of these materials. Although 
ceramic materials can be shaped by means of sintering, when a finishing operation is needed after the sintering 
process in order to achieve a determinate shape, dimension or surface quality, usually a last grinding step is used    
[1, 2]. Even if grinding can produce good surface quality and geometric tolerances, its lack of flexibility and low 
material removal rate make this process unattractive [2]. 
Laser-assisted turning (LAT) has arisen as an alternative to the grinding process of these hard to manufacture 
materials. During the last decade, several authors have demonstrated the viability of the LAT process [3-6]. 
In LAT operations, the material is locally heated by a laser beam directly in front of the cutting tool [2]. Hence, as 
the material is heated up in the cutting zone, the material hardness and strength are lowered and thereby the cutting 
forces are reduced resulting in an increase of the machinability [7-8]. 
With the aim of predicting this thermal field and therefore determine the correct position of the tool regarding to 
the laser spot along with the determination of the maximum cutting depth for a determinate laser power, several 
numerical models have been developed. For example, authors like [9] propose a 3D thermal model that calculates 
the transient temperature field including material removal, what means a continuous geometry change. 
In order to validate the developed models, there are different options. Authors like [9] used infrared camera 
measurements to validate the model results. Whereas, others like [10] used discrete pyrometer measurements at 
different points of the surface. 
In the present paper, a 3D numerical model that simulates the thermal field in a rotational part heated by a laser 
beam has been developed. The model enables to determine the maximum temperatures reached and also helps to 
determine the optimum distance between the laser beam focus point and the cutting tool position. Furthermore, the 
model enables to determine the adequate cutting depth according to the most suitable cutting conditions. 
For this purpose, the thermal model LATHEM (LAser THErmal Modelling) developed by the University of the 
Basque Country has been used. The model solves the general equation of the temperature field for the conduction 
situation when the part is heated by a laser beam. Afterwards, the model has been validated according to the different 
pyrometer measurements during the LAT process tests carried out using the laser hybrid machine tool Monforts 
RNC 400 LaserTurn at Fraunhofer IPT (Aachen, Germany). 
2. Numerical model 
The simulations have been carried out using the thermal model LATHEM developed by the University of the 
Basque Country. As in the LAT process no melted material is allowed, the model does not take into account the 
viscous phenomena and just solves the thermal conduction equation.  
For this purpose, the program discretizes the geometry using finite elements and solves the Fourier law for the 
heat conduction (the first law of thermodynamics). The energetic evaluation on a differential element (see Fig. 1) can 
be expressed by the equation (1), where the difference between the amount of energy exchanged with the 
environment (EIN-EOUT) and the generated energy (EGENERATION) equals the element energy variation (EVARIATION). 
 
 
 
Using the Laplace operator and supposing that the conduction coefficient is constant (independent from 
temperature), the difference between the energy that gets into the element and the energy that goes out, can be 
expressed with the following equation (2). Where “k” is the conductivity coefficient [W m-1 K-1], “T” is the 
temperature value [K], “dV” is the element volume (dV = dx · dy · dz) [m3] and “dt” is the time step [s]. 
 
 
 
 
The generated energy is defined in equation (3), where “qv” is the introduced power per volume unit [W m-3]. It 
takes a positive value when energy is introduced into the analysed volume (in case the laser is heating up the 
element) or a negative value when there is an energy drain (radiation and convection losses). 
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Lastly, the internal energy variation can be defined by means of equation (4). This term represents the material 
resistance to the temperature change, where “ρ” is the density of the material [kg m-3] and “cp” is the specific heat  
[K J Kg-1 K-1]. 
 
 
 
 
Substituting all the previously developed equations (2), (3) and (4) into the energetic evaluation equation (1), the 
general equation of the temperature field for the conduction is obtained (5), where a = λ· (ρ·cp)-1 is the thermal 
diffusivity [m2 s-1]. 
 
 
 
 
Equation (5) is a second order differential equation which has to be integrated over the whole analysed volume in 
order to obtain the equation that defines the thermal field. For the discretization of the differential equation, the finite 
central differences method is used, where the equilibrium is set out at the beginning of the time step, explicit 
formulation. The explicit formulation leads to a solution as long as the time step is small enough to guarantee the 
convergence of the method, see subsection 2.2. 
2.1. Approach of the real problem 
The fact of using a 3D model of the whole geometry for the simulations obliges to use a huge amount of nodes, 
except in the case that finite element method is used for the meshing. But in this case the mesh would have to change 
every time step in order to make it smoother in the cutting zone, and therefore, this solution itself turns to be a 
problem because of its high meshing cost.  
For this reason, in the present paper just a piece of the turning workpiece is simulated using LATHEM (Fig. 1), 
what enables to gain accuracy and reduce computational costs. Due to geometrical reasons, the results obtained from 
this approximation resulted to be more accurate as the diameter of the rotational part increases.  
As the cutting depth required for the WC-17Co turning is very low in the considered case, it does not make much 
difference simulating the material removal. But this would increase the computational process costs. Therefore, the 
model simulates no material removal during the LAT process.  
The boundary conditions fixed for the simulation are described in Fig 1. The reason why no heat transfer is 
defined in the direction of the laser movement is that the laser heats up all the periphery of the rotatory part and 
therefore the heat transfer in this direction is less than in the radial and axial directions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the faces where the free heat transfer condition is established, a “size coefficient” (SC) is defined, which 
determines the temperature of the nodes next to those surfaces but which do not belong to the analysed part (see Fig. 
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Fig.1. (a) Simplification of the real problem; (b) Boundary conditions for the simulated part. 
a)  b)  
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Fig. 2. Size Coefficient. 
2). When the analysed part is big enough to absorb the radiation of the laser without a global warming, this 
coefficient is low, that means that the temperature of those nodes would be near room temperature. On the other 
hand, when the analysed part is too small to absorb all the radiation coming from the laser, its temperature will rise 
resulting in a big value of the coefficient (almost 1). This means that the temperature of those nodes is almost the 
same as the temperature of the nodes situated in the faces (but inside the part). 
 
 
 
 
 
 
 
 
 
 
In order to obtain the more realistic possible model and gain accuracy, a bi-material model has been proposed. In 
the first 200 microns there is a coating of WC-17Co (where a 0.05 mm resolution grid is used), whereas the rest of 
the part is a 42CrMo4 Steel (where a 0.1 mm coarse grid is used). The size of the analysed part is 10 mm x 18 mm x 
8 mm. In the following table (Table 1) information about the properties of the materials used for the simulations and 
their corresponding units are detailed. 
Table 1. Properties of the WC-17Co and 42CrMo4. 
Property Symbol WC-17Co (value) 42CrMo4 (value) Units 
Conductivity k 100 45 W (m K)-1 
Density ρ 13700 7750 Kg m-3 
Specific heat cp 250 517 J (kg K)-1 
Emissivity ε 0.85 - - 
Convection coefficient* h 100 - W (m2 K)-1 
Absorptivity α 0.76 - - 
 
The following figure (Fig 3) shows the heating of a 40 mm diameter part for a rotation speed of 80 min-1 (or what 
is the same, a whole revolution per 0.75 second). The simulated part length is of 10 mm, therefore, each revolution 
the laser beam heats up the simulated volume during 0.048 seconds and it cools down during the rest of the rotation, 
0.702 seconds. The red circle drawn on the top of the part represents the laser spot, whereas the vertical line is the 
laser centre axis. 
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2.2. Assumptions done and model stability 
In order to make the resolution of the problem more approachable and reduce the computational costs and the 
required time, the following assumptions were made: The model is supposed to be continuous, homogenous and 
isotropic. The properties are assumed to variate linearly according to the temperature variation and there is no 
density variation due to the temperature variation. 
In order to ensure the convergence of the explicit numerical method used to solve the heat conduction equation in 
the present work, a convergence condition must be fulfilled. Applying the finite differences in equation (5), all the 
coefficients in the resulting equation must be positive. This condition is expressed by means of equation (9), where 
“a” is the thermal diffusivity, “∆t” is the time step and “∆x”, “∆y” and “∆z” are the distance between the grid points 
for the X, Y and Z direction respectively. 
 
 
 
 
As the minimum element size is 0.05 mm and the maximum 0.1 mm, for the employed meshes, the used time step 
to ensure the convergence of the method is 1·10-5 s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3. Validation of the numerical model 
With the aim of validating the developed model, the following experiments have been carried out using the laser 
hybrid machine tool Monforts RNC 400 LaserTurn (Fig. 4) at Fraunhofer IPT (Aachen, Germany). During the 
experiments, steel rods (ø 39.6 mm) with a thermally sprayed metal matrix composite coating (WC-17Co, 0.2 mm 
thickness) were machined. 
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Temperature in the Laser focus point (Pyrometer 1) 
Temperature in the cutting edge (Pyrometer 2) 
Fig. 4. Hybrid machine tool “Monforts RNC 400 LaserTurn” used for model validation. 
Fig. 5. Scheme of the process with the pyrometers positions and the measurements. 
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Case 1. The process parameters and simulation conditions for the validation of this first case are given in table 2. 
With the help of two 2-colour pyrometers, the temperatures at the laser focus and at the cutting edge (situated at a 5 
mm distance behind the laser spot) have been measured (Fig. 5). Therefore, the real temperatures reached in the laser 
focus (maximum peak) and the temperatures at a determined distance from the laser focus (temperature rise due to 
the heat transfer among the material) can be compared with the results provided by the numerical model. 
Table 2. Conditions for the validation of case 1. 
Power [W] N [min-1] vc [t] SC 
600 238 30 0.995 
 
After ten seconds simulation, the model reaches an equilibrium situation where the maximum temperatures are 
situated around 570 °C. The following figure shows a detail of the maximum temperature reached at the laser spot 
and how it decreases when the analysed point is moved away from it. The numerical model results to predict the real 
results with an accuracy of ± 50 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 2. After the validation of the first case, another simulation has been carried out with a different rotation 
speed (process parameters detailed in Table 3). But in this case, instead of maintaining the laser power constant, in 
the experimental tests carried out at the LAT turning lathe the laser power is controlled according to the temperature 
measurements done with a two-colour pyrometer by means of a close loop in order to keep the laser spot temperature 
constant at 875 °C. 
Table 3. Conditions for the validation of case 2. 
Power [W] N [min-1] vc [t] SC 
variable 477.464 60 0.995 
 
Therefore, the power introduced in the numerical model is a time dependant vector, which value depends on the 
real measurements carried out previously (see Fig 7.a). Additionally, the temperatures predicted by the model 
(drawn with a red line) were compared with the measured temperatures (green line) (see Fig. 7.b). The blue line 
represents the temperature variation of a determined point of the part surface whereas the red line is the temperature 
of that point when it is positioned in the laser spot. 
As the tested part is of the same dimensions, the size coefficient is maintained constant. In the following figure 
can be seen that an error around 50 ºC is obtained between the numerical model and the experimental results. 
 
 
 
50 ºC 
50 ºC 
Fig. 6. Comparison between the experimental and numerical results. 
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3. Results 
The developed numerical model provides good results with a low computational cost and a very simple model. 
Furthermore, it has helped to achieve a better understanding of the LAT process and how the different variables 
affect to the process. 
But the real applicability of the model is not just to know the surface temperatures; it provides also the possibility 
to predict the thermal field inside the heated part. The reason of the importance of its prediction is that this value 
cannot be measured with an optical method, such as a pyrometer, and is really important for the process in order to 
determine the cutting depth. 
The following figure shows the temperature field of a simulated part, where, depending on the desired cutting 
temperature (in this case set at 450 °C), the needed cutting depth and the distance between the laser spot and the 
cutting edge can be defined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The model resulted to predict the temperature field with a relative high accuracy, with an error around 50 °C. The 
main reason for this error has its origin in the simplification done regarding to the analysed geometry; because only a 
small part of the whole geometry is simulated and the used boundary conditions affect to the simulated heat flow. 
What is more, the real part is a rotatory part which is heated during the whole rotation, whereas the simulated part is 
just heated while the laser goes over it. Nevertheless, this assumption is overcome using an adiabatic boundary 
condition in the laser moving direction faces. 
a) b) 
Simulated temperature value. 
Pyrometer measurement. 
Fig. 7. (a) Power input used for the simulation; (b) results of the simulation. 
Fig. 8. Determination of the cutting depth and the distance between the laser spot and the cutting tool according to the thermal field. 
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4. Conclusions 
A relatively simple 3D model that predicts the thermal field has been developed and validated. Furthermore, it 
enables to simulate parts with coatings (bi-materials) and the employment of different meshes to gain accuracy 
where it is needed. 
In order to reduce computational cost, only a part of the piece has been analysed. But this simplification 
introduces an error in the model and therefore the obtained results show an error around 50 °C. Nevertheless the 
model resulted enough precise to see the influence of the different parameters (laser power, rotation velocity, part 
size, material conductivity, etc.) over the process. Also, as Fig. 9 shows, the highest temperatures are not reached in 
the laser spot centre but a little bit after it. 
Another source of the disagreement between the experimental and the numerical results is that the model does not 
consider the effect of oxidation of the surface due to the previous heating. As a consequence of this oxidation (that 
depends on the material, the reached temperatures and on the usage of a protection gas) the laser absorptivity by the 
surface increases. But as in both experiments the maximum temperatures show the same error and only in the second 
one oxidation appeared on the surface due to the higher temperatures reached during the test, this oxidation effect 
was considered to be minimal and was not corrected by increasing the absorptivity. 
To sum up, the model resulted to be a useful tool to predict the thermal field of a LAT part at different operation 
conditions, which helps to determine the optimum process conditions. 
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